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DLP WR UHDFK OLJKWZHLJKW VWUXFWXUHV WR VORZ GRZQ HQHUJ\ FRQVXPSWLRQ +RZHYHU PHWDOV FDQQRW EH H[FOXGHG DV
IXQGDPHQWDO EDVHPDWHULDO IURPPDQ\ DSSOLFDWLRQV 7KXVPRVW HQJLQHHULQJ VWUXFWXUHV RU SURGXFWV UHTXLUHPXOWL
FRPSRQHQWVZKHUHVHYHUDOW\SHVRIPDWHULDOVDUHLQWURGXFHGDQGWKHDGYDQWDJHVDQGIXQFWLRQDOLWLHVRIHDFKRQHDUH
H[SORLWHG 0HWDO DUH QRUPDOO\ XVHG WR DFKLHYH KLJK PHFKDQLFDO SURSHUWLHV PHDQZKLOH WKH PDLQ DGYDQWDQJHV RI
SODVWLFPDWHULDOVDUHORZZHLJKWKLJKFRUURVLRQUHVLVWDQFHDQGJUHDWHUGHVLJQIOH[LELOLW\DPRQJRWKHUV
&XUUHQWO\WKHUHDUHGLIIHUHQWUREXVWWHFKQRORJLHVIRUXVHLQLQGXVWU\IRUPHWDOSODVWLFMRLQLQJPHFKDQLFDOMRLQLQJ
PRXOGLQ MRLQLQJ DQG DGKHVLYH ERQGLQJ ,Q WKH FDVH RI PHFKDQLFDO MRLQLQJ WKH SURFHVV UHTXLUHV VHYHUDO FDUHIXO
SUHSDUDWLRQVRIWKHMRLQWDQGDGGLWLRQDODVVHPEO\HOHPHQWVVXFKDVEROWVVFUHZVRUULYHWV0RUHRYHUWKLVWHFKQRORJ\
SUHVHQWV FRQWUDLQWV  LQ WHUPV RI SRRU IOH[LELOLW\ LQ MRLQW GHVLJQ 'XULQJ WKH PRXOLQ MRLQLQJ WKH PHWDO SDUW LV
LQWURGXFHG LQWR WKHPHOWHG SRO\PHU GXULQJ WKH SODVWLF LQMHFWLRQPRXOGLQJ7KHPDLQ GUDZEDFN LV WKH K\EULG SDUW
JHRPHWU\ UHVWULFWLRQ JLYHQ E\ WKH PRXOG $GKHVLYH ERQGLQJ LV D VLPSOH DQG IOH[LEOH EXW QRQHQYLURQPHQWDOO\
IULHQGO\SURFHVVWKDWFRQVLVWVLQLQWURGXFLQJDFKHPLFDODGKHVLYHLQWKHSODVWLFPHWDOLQWHUIDFHV7KHPRVWLPSRUWDQW
IDFWRUV OLPLWLQJ WKH XVH RI DGKHVLYH DUH WKH HQYLURQPHQWDO GHJUDGDWLRQ RI WKH MRLQWV DORQJ ZLWK WKH XQFHUWDLQO\
IRUHFDVWLQJWKHORQJWHUPGXUDELOLW\RIWKHMRLQWV
2YHU WKH SDVW IRXU \HDUV GLUHFW ODVHU MRLQLQJ RI SODVWLF DQG PHWDOOLF PDWHULDOV KDV HPHUJHG DV D SURPLVLQJ




.QDSS HW DO  JULQGLQJ :DKED HW DO  RU ODVHU WHFKQRORJ\ $PHQG HW DO  +HFNHUW HW DO
 $ JUHDWHU FRQWURO RI WKH VXUIDFH LUUHJXODULWLHV RQ D PLFURPHWULF VFDOH EHFRPHV LPSRUWDQW IRU K\EULG
SRO\PHUPHWDOMRLQWFRQVLGHULQJODVHUPLFURSURFHVVLQJ6HFRQGO\GXULQJWKHMRLQLQJRSHUDWLRQLQWKHFDVHRIRSDTXH
SRO\PHUV WR WKH ODVHU ZDYHOHQJWK WKH ODVHU EHDP LV DEVRUEHG RQ WKH PHWDO VXUIDFH DQG WKHQ WUDQVIHUUHG E\
FRQGXFWLRQWRSRO\PHUPHWDOLQWHUIDFH7KXVWKHPHOWLQJSRLQWRIWKHSRO\PHULVDFKLHYHGDQGSURGXFLQJWKHMRLQW
DIWHU VROLGLFDWLRQ 6HYHUDO VWXGLHV KDYH EHHQ UHSRUWHG EDVHG RQ WKH HIIHFW RI ODVHU VWUXFWXUH SDUDPHWHUV RQ WKH
PHFKDQLFDO SURSHUWLHV RI K\EULG SRO\PHUPHWDO MRLQWV 5RHVQHU HW DO $PHQG HW DO $PHQG HW DO
+HFNHUWHWDO7DNLHWDODQG(5RGUtJXH]9LGDOHWDO7KHVHUHVHDUFKHVFRQVLGHUWKH






MRLQLQJ SODQH 7KH MRLQW FRQILJXUDWLRQ DQG WKXV WKH PHFKDQLFDO WHVWV EHFRPH VLJQLILFDQW WR DVVHVV WKH MRLQW
V
PHFKDQLFDOSHUIRUPDQFHXQGHUWKHVWUHVVFRQGLWLRQVRIWKHUHDODSSOLFDWLRQ
7KH IRFXV RI WKLV UHVHDUFK LV RQ DVVHVVLQJ WKH HIIHFW RI WKUHH GLIIHUHQW MRLQW FRQILJXUDWLRQV ODS 7 DQG$UFDQ
FRQILJXUDWLRQV RQ WKH MRLQW
V PHFKDQLFDO SHUIRUPDQFH %RWK WKH PLFURVWUXFWXULQJ DQG MRLQLQJ SURFHVVHV ZHUH
FRQGXFWHGE\ODVHUVRXUFHV$EULHIVWXG\DERXWWKHPLFURVWUXFWXUHFRQGLWLRQVZDVFDUULHGRXWLQRUGHUWRVHOHFWWKH
VXLWDEOH WH[WXUH SDWWHUQ IRU WKH VXEVHTXHQW MRLQLQJ SURFHVV 7KH PHFKDQLFDO SHUIRUPDQFH RI WKH GLIIHUHQW




0DWHULDOV XVHG LQ WKLVZRUNZHUH D ORZ DOOR\ VWHHO +&/$ DQG D JODVV ILEUH UHLQIRUFHGSRO\DPLGH 3$
*),QWKHFDVHRIODSDQG$UFDQMRLQWFRQILJXUDWLRQWKHVDPSOHVGLPHQVLRQVZHUH[[PPDQG[[




ZHUH PRXQWHG LQWR (SR[\ UHVLQ WR DQDO\]H WKH GHSWK ZLGWK DQG WKH UHFDVW PDWHULDO KHLJKW RI WKH SURGXFHG
PLFURVWUXFWXUHV E\ RSWLFDO PLFURVFRS\ 7HQ GLIIHUHQW PHDVXUHPHQWV RI WKH VHYHUDO PLFURVWUXFWXUH JHRPHWULF
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SDUDPHWHUVZHUHFDUULHGRXWIRUHDFKVHWRIPLFURVWUXFWXULQJFRQGLWLRQVLQRUGHUWRHQVXUHUHOLDEOHVWDWLVWLFVRIWKH
UHVXOWV
$IWHUZDUG WKH RSSRVLWH VLGH RI WKH PLFURVWUXFWXUH PHWDO ZDV LUUDGLDWHG E\ D &: ILEUH ODVHU V\VWHP 7KUHH
GLIIHUHQW MRLQLQJ FRQILJXUDWLRQV ZHUH FRQVLGHUHG ODSMRLQW )LJ D 7MRLQW )LJ E DQG $UFDQMRLQW )LJ F
FRQILJXUDWLRQV'XULQJWKHMRLQLQJRSHUDWLRQWKHODVHUEHDPKHDWVWKHPHWDOVXUIDFHDQGWKHQWKHKHDWLVWUDQVIHUUHG
E\ FRQGXFWLRQ WR WKH VXUURXQGLQJ DUHD JHQHUDWLQJ WKH PHOWLQJ RI WKH SRO\PHU DQG SURGXFLQJ WKH MRLQW DIWHU
VROLGLILFDWLRQ%RWKPDWHULDOVZHUH FODPSHG LQ WKH WKUHH FRQILJXUDWLRQV E\ DSSO\LQJ D XQLIRUP SUHVVXUH 3 EDU
ZLWK D SQHXPDWLF FODPSLQJ GHYLFH LQ RUGHU WR HQKDQFH WKH IORZ RI WKH PROWHQ SODVWLF PDWHULDO LQWR WKH














DQ ,QVWURQ  6WDWLF 8QLYHUVDOPDFKLQHZLWK DPD[LPXP FDSDFLW\ RI N1 DQG D FURVVKHDG GLVSODFHPHQW RI
PPPLP)LJDE7KH7MRLQWVDPSOHVZHUHPRXQWHGLQWKH,QVWURQJULSVXVLQJDWDLORUHGFODPSLQJGHYLFH)RU
HDFK H[SHULPHQWDO FRQGLWLRQ ILYH VSHFLPHQVZHUH WHVWHG WR HQVXUH WKH UHSURGXFLELOLW\ RI WKH UHVXOWV  /DVWO\ WKH
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VLJQLILFDQW UDQJH RI JURYH DVSHFW UDWLR YDOXHV $5 GHILQHG DV WKH UDWLR RI WKH WRWDO GHSWK KUG WR ZLGWK Z
7DEOHVXPPDUL]HVWKHJURRYHSDUDPHWHUVPHDVXUHGIRUWKHWKUHHFRQVLGHUHGJHRPHWULHV7KHDYHUDJHJURRYHGHSWK
G LQFUHDVHVZKHQ LQFUHDVLQJ WKH QXPEHU RI LWHUDWLRQV DFKLHYLQJ YDOXHV XS WR ȝP 1HYHUWKHOHVV WKH JURRYH
ZLGWKZUHPDLQVFRQVWDQWIRU1WUDFNV DQGEXWGHFUHDVHVVLJQLILFDQWO\IRU1WUDFNV 7KHHMHFWHGPDWHULDOIURPWKH
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7DEOH*URRYHJHRPHWU\SDUDPHWHUV
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SRO\PHU DQG WKXV LW GRHV QRW SURYLGH LQIRUPDWLRQ DERXW WKH MRLQW
 V PHFKDQLFDO SHUIRUPDQFH 6LQFH WKH PDLQ
REMHFWLYH RI WKLV UHVHDUFK ZDV IRFXVHG RQ DVVHVVLQJ WKH MRLQW
V PHFKDQLFDO SHUIRUPDQFH XQGHU GLIIHUHQW
FRQILJXUDWLRQVWKHPLFURVWUXFWXULQJSDWWHUQFRUUHVSRQGLQJWR1WUDFNV DQGGFF ȝPZDVFKRVHQIRUWKHVWXG\
3UHYLRXV VWXGLHV $PHQG HW DO  $PHQG HW DO  +HFNHUW HW DO  (5RGUtJXH]9LGDO HW DO
 7DNL HW DO  H[DPLQHG WKH LPSDFW RI GLIIHUHQW PLFURVWUXFWXUH SDUDPHWHUV RQ WKH PHFKDQLFDO
SHUIRUPDQFHRIK\EULGMRLQWV7KH\LGHQWLILHGWKHVWUXFWXUHGHQVLW\GLUHFWO\UHODWHGWRWKHGLVWDQFHEHWZHHQSDWWHUQ
FHQWHUV DV RQH RI WKH NH\ SDUDPHWHUV%DVHGRQ LW WKH SUHVHQWHG VWXG\ FRQVLGHUV WZRGLIIHUHQW GLVWDQFH EHWZHHQ
JURRYHFHQWHUVIRUWKHWKUHHMRLQLQJFRQILJXUDWLRQVGFF ȝP
5HVXOWVDQGGLVFXVVLRQ
4.1. Mechanical performance 

$IWHUPHWDOSUHWUHDWPHQWWKHVSHFLPHQVZHUHMRLQHGDQGPHFKDQLFDOO\WHVWHG)RUHDFKMRLQLQJFRQILJXUDWLRQWKH
PD[LPXPVWUHQJWKZDVDVVHVVHG LQRUGHU WRFRPSDUH WKHPHFKDQLFDO UHVXOWV7KHVHZHUHHYDOXDWHGDV WKHUDWLRRI
IDLOXUHIRUFHWRWKHFRUUHVSRQGLQJMRLQLQJDUHD
)LJDGLVFORVHVWKHVWUHQJWKVWUDLQFXUYHVRIWHQVLOHVKHDUWHVWV)LJDFRUUHVSRQGLQJWRWZRGLIIHUHQWYDOXHV
RI GLVWDQFH EHWZHHQ JURRYH FHQWHUV GFF  DQG ȝP 7KH DYHUDJH PD[LPXP VWUHQJWK YDOXHV ZHUH
   T MPaV  r  DQG    T MPaV  r IRUGFF  DQGȝP UHVSHFWLYHO\7KH UHVXOWV HYLGHQFH D
GHFUHDVHRIDERXWRIWHQVLOHVKHDUVWUHQJWKZKHQWKHGLVWDQFHEHWZHHQJURRYHFHQWHUVLVWULSOHG7KHVWDQGDUG
GHYLDWLRQVDVVRFLDWHGWRWKHH[SHULPHQWDOPHDVXUHPHQWDUHORZHUWKDQ,QWKHFDVHRISXOORXWWHVWV)LJEWKH
IDLOXUH VWUHQJWK YDOXHV ZHUH    P MPaV  r DQG    P MPaV  r IRU GFF  DQG ȝP
UHVSHFWLYHO\,QWKLVFDVHWKHPD[LPXPVWUHQJWKZDVUHGXFHGE\DERXW)LUVWO\WKHUHVXOWVUHYHDOWKHVDPHWUHQG
IRUERWKMRLQFRQILJXUDWLRQV+RZHYHUDPRUHVLJQLILFDQWLQIOXHQFHRIGLVWDQFHEHWZHHQSDWWHUQFHQWHUVLVVKRZQLQ




SRO\DPLGHPHFKDQLFDOSURSHUWLHV LPSURYHDQG WKH VWUDLQYDOXH IRUDFHUWDLQ VWUHQJWK LVKLJKHU WKDQ IRUJODVV ILEUH


























WKH UHVXOWREWDLQHG IRUSXUH VKHDU WHVWV 
   MPaTV    IDOOV LQ WKHYDOXH UDQJH IRXQGIRU WHQVLOHVKHDU WHVWV
FRQVLGHULQJWKHVDPHGFFYDOXH7KHODWWHUPHDQVWKDWWKHWHQVLOHVKHDUWHVWV)LJDLQZKLFKWKHORDGLVQRWDSSOLHG
H[DFWO\ RQ WKH MRLQLQJ SODQH FRXOG EH UHFRJQL]HG DV D JRRG DSSURDFK RI SXUH VKHDU WHVWV IRU WKH FRQVLGHUHG
GLIIHUHQFHRIWKLFNQHVVEHWZHHQPHWDOPPDQGSRO\PHUPP,QWKHFDVHRISXUHWHQVLOHWHVWVș WKH
UHVXOWV REWDLQHG IURP$UFDQ WHVWV 
   MPaTV    DUH VPDOOHU WKDQ WKH FRUUHVSRQGLQJ WR WKHSXOORXW WHVWV 
   P MPaV  r  ,W FRXOGEHGXH WR WKHGLIIHUHQFHRQ MRLQLQJ DUHDVEHWZHHQERWK MRLQW FRQILJXUDWLRQV DORQJ
ZLWK WKHGLIIHUHQFHRQDVSHFW UDWLREHWZHHQ WKH MRLQLQJZLGWKDQG WKHVDPSOHKHLJKW PPIRU7DQGPPIRU
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WKLVFDVHDFOHDUULGJHSFDQEHDVVRFLDWHGWR WKHUHSOLFDWLRQRI WKHJURRYHSURGXFHGRQWKHPHWDO7KXVIRU WKH




















V WHQVLOHVKHDUSHUIRUPDQFHZDVDVVHVVHGWRVHOHFW WKHPRUHVXLWDEOHPLFURVWUXFWXUHSDUDPHWHUVIRU WKH
VWXG\
7KUHH GLIIHUHQW MRLQW FRQILJXUDWLRQV ZHUH DQDO\]HG ODS 7 DQG $UFDQ MRLQW FRQILJXUDWLRQV 7KHLU PHFKDQLFDO
SHUIRUPDQFH ZDV HYDOXDWHG E\ WHQVLOHVKHDU SXOORXW DQG $UFDQ WHVWV )RU WKH GLIIHUHQW MRLQW FRQILJXUDWLRQV WZR
GLIIHUHQWGLVWDQFHEHWZHHQSDWWHUQVZHUHFRQVLGHUHG GFF DQGȝP 7KH WHQVLOHVKHDUDQGSXOORXW UHVXOWV
UHYHDOHGWKHVDPHWUHQGIRURIPHFKDQLFDOSHUIRUPDQFHDVIXQFWLRQRIGFF)RUWKHVDPHPLFURVWUXFWXUHFRQGLWLRQV
WKH MRLQWV SUHVHQWHG ZRUVH PHFKDQLFDO SURSHUWLHV LQ WKH FDVH RI 7MRLQW FRQILJXUDWLRQ FRPSDUHG WR ODSMRLQW
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FRQILJXUDWLRQ7KHDFKLHYHGUHVXOWVGXULQJ$UFDQ WHVWVGLVFORVHGDPHDQLQJIXO LQIOXHQFHRI WKHDQJOHEHWZHHQ WKH
MRLQLQJSODQHDQGWKHRULHQWDWLRQRIWKHDSSOLHGORDG0D[LPXPVWUHQJWKYDOXHV§03DZHUHDWWDLQHGIRUSXUH
VKHDU WHVWV ș  7KH VWUHQJWK VKRZHG DQ H[SRQHQWLDO GHFD\ ZKHQ LQFUHDVLQJ WKH PHQWLRQHG DQJOH UHDFKLQJ
PLQLPXPVWUHQJWKYDOXHVRIDERXW03D7KHUHVXOWVHYLGHQFHGWKHWHQVLOHVKHDUWHVWVDVDVXLWDEOHDSSURDFKRISXUH
WHQVLOHWHVWVIRUWKHFRQVLGHUHGPDWHULDOWKLFNQHVVHV





7KH UHVHDUFK OHDGLQJ WR WKHVH UHVXOWV KDV UHFHLYHG IXQGLQJ IURP WKH (XURSHDQ 8QLRQ¶V 6HYHQWK )UDPHZRUN
3URJUDPPH)3XQGHUJUDQWDJUHHPHQW
5HIHUHQFHV
5RHVQHU$2ORZLQVN\$*LOOQHU$/RQJWHUPVWDELOLW\RIODVHUMRLQHGSODVWLFPHWDOSDUWV3K\V3URFHGLD
5DXVFKHQEHUJHU-&HQLJDRQDLQGLD$.HVHEHUJ-9RJOHU'*XEOHU8/LpEDQD)/DVHUK\EULGMRLQLQJRISODVWLFDQGPHWDO
FRPSRQHQWVIRUOLJKWZHLJKWFRPSRQHQWV3URFRI63,(+LJK3RZHU/DVHU0DWHULDOV3URFHVVLQJ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